ABSTRACT: Oxygen tension is a critical factor for appropriate embryonic and fetal development. Chronic hypoxia exposure alters cardiovascular (CV) function and structure in the late fetus and newborn, yet the immature myocardium is considered to be less sensitive to hypoxia than the mature heart. We tested the hypothesis that hypoxia during the period of primary CV morphogenesis impairs immature embryonic CV function and embryo growth. We incubated fertile white Leghorn chick embryos in 15% oxygen (hypoxia) or 21% oxygen (control) until Hamburger-Hamilton stage 21 (3.5 d). We assessed in ovo viability and dysmorphic features and then measured ventricular pressure and dimensions and dorsal aortic arterial impedance at stage 21. Chronic hypoxia decreased viability and embryonic wet weight. Chronic hypoxia did not alter heart rate or the ventricular diastolic indices of end-diastolic pressure, maximum ventricular -dP/dt, or tau. Chronic hypoxia decreased maximum ventricular ϩdP/dt and peak pressure, increased ventricular end-systolic volume, and decreased ventricular ejection fraction, consistent with depressed systolic function. Arterial afterload (peripheral resistance) increased and both dorsal aortic SV and steady-state hydraulic power decreased in response to hypoxia. Thus, reduced oxygen tension during early cardiac development depresses ventricular function, increases ventricular impedance (afterload), delays growth, and decreases embryo survival, suggesting that a critical threshold of oxygen tension is required to support morphogenesis and cardiovascular function in the early embryo. (Pediatr Res 59: 116-120, 2006) 
O xygen tension is a critical determinant of appropriate embryonic and fetal development (1) (2) (3) (4) (5) (6) (7) , and hypoxia is associated with increased fetal mortality. Specifically, hypoxia is known to cause decreased birth weight, cerebrovascular anomalies, CV dysfunction, and altered angiogenesis (2-6), with hypoxia producing greater negative effects later in gestation (7) . Reduced oxygen tension at higher altitude alters CV function, reduces fetal growth, and increases fetal demise (8) . Variations in oxygen tension during development due to maternal cyanotic congenital heart disease also increase fetal loss and growth restriction (9) . Although it is clear that reduced oxygen tension impacts fetal growth and survival, there are limited data on the role of hypoxia in directly regulating embryonic CV growth and function during the period of primary cardiac morphogenesis.
Vertebrate embryos that develop in ovo provide excellent experimental models to investigate the relationship between oxygen tension, CV performance, growth, and morphogenesis. The chick embryo has become the standard in ovo experimental model for physiologic assessment because of the ability to quantify embryonic CV function during normal development and in response to physiologic, pharmacologic, mechanical, and environmental challenges. For example, the developing embryonic CV system can respond to acute changes in ventricular preload and afterload (10, 11) as well as chronic changes in loading conditions (12, 13) . Acute hypoxia produces a dose-dependent depression in embryonic chick ventricular contractility (14) and the embryonic myocardium displays the ability to survive acute anoxia-reoxygenation with reduced apoptosis versus the mature heart (15, 16) . Chronic hypoxia late in gestation (d 19) is associated with cardiac contractile dysfunction, ventricular hypertrophy, and aortic intimal hypertrophy (3) . In general, hypoxia in embryos and larvae reduces the rate of development and retards growth, however, a variety of vertebrate species adapted to low oxygen tension environments can develop normally in hypoxic conditions (17) .
The early embryo relies on direct diffusion for environmental oxygen and nutrients (17) . After 4 d of incubation, the embryonic chick reaches a critical mass that requires cardiac function and intravascular blood flow for nutrient delivery (17) . Of note, cardiac output is initially disproportionately distributed to extraembryonic vessels early in development and the proportion of cardiac output distributed to the embryo increases commensurate with increasing metabolic demand (18, 19) . During the second half of gestation, compensatory mechanisms such as activation of the autonomic nervous system and catecholamine release redistribute cardiac output to the heart and brain in response to hypoxia (19, 20) .
Most studies of the detrimental effects of hypoxia on CV morphogenesis and function have focused on late gestation (6, 19, 20) . The current study was designed to investigate the CV response to hypoxia during early embryogenesis and to test the hypothesis that hypoxia alters both embryonic ven-tricular and vascular function in the early embryo. We measured embryo viability and both ventricular and vascular function in chick embryos incubated to stage 21 in either 21% or 15% fraction of inspired oxygen (FiO 2 ).
METHODS
Embryo preparation. Fertile White Leghorn chicken eggs were obtained from Utah State University (Logan, UT). Eggs were incubated blunt side up in air-tight chambers maintained at an oxygen level of either 15% (hypoxia) or 21% (control) and air was replaced daily. Chambers were placed within an incubator maintained at 38°C and 60 -70% humidity. Embryos were incubated to Hamburger-Hamilton (21) Morphometry. Individual eggs were placed in a temperature-controlled environment, and the embryo was exposed by creating a window in the shell above the air cell and resecting the membranes above the embryo. Embryos were assessed for dysmorphic features in ovo using a photomicroscope (Model SZH10, Olympus, Tokyo, Japan) and then sequential video images of developing embryo were acquired using a videocamera (Model KP-M1U, Hitachi Denshi, Ltd., Yokohama, Japan), frame-grabber board (LG-3, Scion, Frederick, MD), and public domain National Institutes of Health-Image software (version 1.63). We defined a "viable" embryo as alive and nondysmorphic, and thus eligible for physiologic investigation. We measured retinal cross-sectional area and CRL in situ from individual embryos. We then excised the embryo by severing the vitelline veins and arteries where they exited the embryo and removed all extraembryonic membranes. Embryos were lightly blotted on filter paper and weighed (22) . Ventricular pressure. All pressure measurements were performed in ovo and all data were recorded within 5 min of egg removal from the incubator. Embryo temperature was maintained at 38°C by ambient warming with intermittent measurement of embryo temperature using a thermistor. A fluidfilled glass capillary pipette was positioned using a micromanipulator (Leitz, Wetzlar, Germany) to puncture the developing ventricle and measure intraventricular pressure using a servo-null pressure system (model 900A, World Precision Instruments, Sarasota, FL). The servo-null pressure is linear (y ϭ 0.995x -0.23, r ϭ 0.99, SE ϭ 0.11 mm Hg) to a standing water column over the range of 0 -30 mm Hg (22) . Pressure signals were captured at 600 Hz with an analog-digital board (AT-MIO 16; National Instruments, Austin, TX) and custom-programmed data acquisition system (LabVIEW, National Instruments,). Sequential video images of the contracting embryonic heart were captured at 60 fields per second for 4 s.
Arterial hemodynamics. We measured simultaneous dorsal aortic blood pressure with the servo-null system (model 900A, World Precision Instruments) and dorsal aortic blood velocity with a pulsed-Doppler velocimeter (Triton, San Diego, CA) and a 0.5-mm custom-mounted piezoelectric crystal (Iowa Doppler Products, Iowa City, IA) at the level of the sinus venosus (10). Dorsal aortic diameter was imaged for individual embryos using a video camera (model 70, Dage-MTI, Michigan City, IN) mounted on a photomacroscope. We calibrated the image analysis software (Scion Image, Scion) using a 50-m-division scribed glass standard was recorded in the plane of each embryo for measurement software calibration. Diameters were determined at two magnifications, compared with each other to verify accuracy, and then averaged to yield one dorsal aortic diameter at the level of the sinus venosus per embryo. After correction for the Doppler probe angle, dorsal aortic SV was calculated as the product of the area under the curve of flow velocity for a single cardiac cycle and dorsal aortic cross sectional area.
Intraventricular pressure. Intraventricular pressure was calculated as the difference between the measured pressure and pressure recorded when the glass capillary tip was placed in extraembryonic fluid adjacent to the embryo. Pressure waveforms were analyzed to determine heart rate (HR, bpm), peak systolic pressure (PSP, mm Hg), EDP (mm Hg), dP/dt, and time constant of ventricular pressure decay (tau). Three consecutive ventricular pressure waveforms were used to calculate HR. The PSP was determined as the point of maximum intraventricular pressure and EDP was defined as the point immediately before the onset of ventricular systole. The maximum positive and negative first-derivatives of ventricular pressure were calculated electronically. All calculations were performed using a custom-made data analysis program (LabVIEW, National Instruments).
Video image processing. We planimetered the ventricular epicardial border manually from each video field for three sequential cardiac cycles to determine epicardial ventricular cross-sectional area (A). EDA and ESA was then defined at maximum and minimum areas. Fractional area change (FAC) was calculated as 100 ϫ (EDA -ESA)/EDA. Intra-and interobserver error of area measurement by planimetry is not significant (p ϭ 0.29 and p ϭ 0.96, respectively) (23) .
Arterial hemodynamics. Input impedance spectra were generated as previously described (10, 24) . We defined total vascular resistance (TVR) as the impedance modulus at 0 Hz, (Z 1 ) as the impedance modulus at the first harmonic, characteristic impedance (Z C ) as the average of the impedance moduli from the third harmonic up to 10 Hz and peripheral impedance (Z P ) as the difference between TVR and Z C . Total arterial compliance (C A ) was calculated using the area under the pressure wave form:
where SV is stroke volume, P N and P D are dicrotic notch and end diastole pressures, respectively, and A S and A D are the areas under the aortic pressure wave form during systole and diastole, respectively. Steady Power (W S ) was calculated as:
where P M and Q M are mean pressure and flow, respectively. Oscillatory power (W O ) was calculated as:
where ͉Q n ͉, ͉Z n ͉, and n are the flow modulus, the impedance modulus, and the impedance phase angle at the nth harmonic. Oscillatory fraction of hydraulic power is:
Total power (W T ) was calculated as:
Statistical analysis. Data are reported as means Ϯ SEM. Independent t tests and 2 analysis were performed to compare the mean values between control and hypoxia groups. Statistical significance was determined at a level of 5% alpha error between groups for each measure (p Ͻ 0.05). Ventricular statistical analyses were performed using SigmaStat (Systat Software Inc, Point Richmond, CA) and hemodynamic analyses were performed using SPSS (Jandel Scientific, Costa Madre, CA). Table 1 summarizes the survival and morphologic data for control embryos and for embryos incubated at 15% FiO 2 to stage 21. Chronic hypoxia at 15% FiO 2 reduced embryo survival versus controls (Table 1) . There was no difference between the rates of infertile eggs (3% versus 5%) or dysmorphic embryos (12% versus 9%) for eggs incubated to stage 21 in 15% versus 21% FiO 2 . We noted a decrease in embryo wet weight but no change in retinal cross-sectional area or crown-rump length in hypoxic embryos versus controls, respectively (Table 1) . Ventricular function. 
RESULTS

Global impact of hypoxia.
DISCUSSION
Chronic hypoxia is well established to cause reduced growth and altered CV function in the mid-and late-gestation fetus (3, 5, 8, 25) with life-long consequences (26) . In the current study, we tested the hypothesis that hypoxia alters both embryonic ventricular and vascular function and growth in the early embryo during the critical period of early morphogenesis when changes in ventricular and arterial function can produce permanent structural and functional alterations (12, 13, 24, (27) (28) (29) . In response to chronic hypoxia from the onset of incubation, we noted decreased ventricular systolic function, increased arterial impedance, reduced arterial blood flow, and reduced embryo growth and survival. These observations support a working hypothesis that sublethal (and perhaps subclinical) hypoxia can impact CV function, structure, and fate during embryogenesis.
Effects of hypoxia on early embryo growth and survival. The initial effects of reduced oxygen availability on the developing embryo are likely due to direct effects on cellular metabolism and growth (30, 31) . We found that embryo growth was affected by hypoxic conditions as early as stage 21 (d 3.5 of a 21-d gestation) with reduced embryo weight despite no change in CRL or retinal area. It is important to differentiate between the functional consequences of reduced nutrient availability (e.g. during hypoxia) and reduced cardiac function (e.g. during conotruncal constriction) in the early embryo. Numerous studies have described reduced growth with and without altered rate of developmental maturation in response to hypoxia (2, 5, 6, 20, 32) . Our finding of increased embryo mortality after hypoxia is consistent with the observation that a critical threshold of oxygen availability is required to initiate and sustain early embryo development. Changes in embryo growth at these early stages are likely not related to impaired cardiovascular function as early embryo growth can occur in the absence of cardiac function due to the direct diffusion of nutrients to the embryo (17, 33, 34) .
Heart rate independence. Our finding that chronic hypoxia did not alter embryo HR differs from the bradycardic FiO 2 ; filled bars) . EDP, ventricular end diastolic pressure (n ϭ 37 and n ϭ 33, for 21% and 15% FiO 2 , respectively); PSP, ventricular peak systolic pressure (n ϭ 37 and n ϭ 33, respectively for 21% and 15% FiO 2 ); Ao P, dorsal aortic peak systolic pressure, (n ϭ 11 and n ϭ 14, for 21% and 15% FiO 2 , respectively). *p Ͻ 0.05. 
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response to hypoxia noted in fetal and adult vertebrates and is consistent with published data in the early embryo (10, 13, 14, 18, 24, 28, 35, 36) . In contrast to the mid-and lategestation fetus, the early embryo does not compensate for impaired CV function by adjusting HR. The embryonic myocardium does respond to exogenous catecholamines (37, 38) and adrenergic agents (39) due to surface receptors that are present before functional autonomic innervation (40) and functional catecholamine synthesis is required for embryo survival (41) . Hypoxia produced by 10% oxygen reduces HR in the d 7 chick embryo (42), even though the parasympathetic and sympathetic limbs of the autonomic nervous system are not functional in the chick embryo before d 12 and 20, respectively (40) . Thus, hypoxia does not trigger HR compensation via baroreflex, chemoreceptor reflexes, or autonomic innervation in avian embryos until the last third of gestation (20, 40, 43, 44) . Effects of hypoxia on ventricular function. Depressed systolic function in response to chronic hypoxia in the early embryo is similar to findings in the mid-and late-gestation fetus (3, 14, 19, 45) . Impaired systolic performance can result from either 1) primary contractile dysfunction, or 2) increased afterload resulting in compromised systolic ejection. In our current study, hypoxia decreased ventricular systolic parameters (decreased PSP, decreased (ϩ)dP/dt, decreased fractional area shortening) despite preserved ventricular preload and diastolic function (EDA, EDP, tau). In the early chick embryo, an acute increase in afterload results in an increased ventricular systolic pressure (46) as does a chronic increase in afterload (12) . Further studies are required to identify the underlying mechanism for hypoxia related contractile dysfunction at the level of energy substrate production and excitation-contraction coupling in developing myocardium.
It is important to note that diastolic function was not affected by hypoxia in the developing embryo. In the relatively low-pressure embryonic CV system, ventricular diastolic function includes a negative pressure at the end of isovolumic relaxation (11) and significant anisotropic untwisting (13) related to the unique geometry and material properties of the embryonic heart (29) . Embryonic ventricular diastolic function is preserved in response to increased ventricular afterload produced by conotruncal banding (12, 47) , but is impaired in response to reduced ventricular preload produced by left-atrial ligation (47, 48) . Thus, whereas the maintenance of diastolic properties in developing myocardium requires a threshold of mechanical loading to stimulate myocardial growth and remodeling, myocardial architecture may be more resistant to variations in oxygen availability common to many invertebrates and vertebrate species (49) .
Effects of hypoxia on vascular impedance. Hypoxia directly impairs endothelial cell function including the expression of vasoactive substances and matrix proteins involved in vascular tone (6) . Our finding that chronic hypoxia increased ventricular afterload represented by input and peripheral impedance is consistent with dysregulated angiogenesis and the increase in arterial resistance noted following hypoxia in the fetus (3, 4, 6, 50) . One paradox of developing CV systems is that the structurally and functionally immature embryonic myocardium is coupled to an immature vasculature with relatively high impedance versus the mature circulation (10) . Vascular impedance decreases geometrically as the vasculature rapidly expands with a coincident geometric increase in systolic blood flow (10) and has been noted in normal pregnancies at high altitude (51) . Increased vascular impedance in the early embryo is likely due to altered vascular growth and remodeling rather than increased arterial vascular smooth muscle "tone" at these early stages (24) .
Molecular mechanisms for the embryonic response to hypoxia. Common molecular and metabolic pathways regulate the cellular response to hypoxia in diverse cell types and tissues. For example, the hypoxia inducible factor 1 alpha (HIF 1␣) pathway is involved in cellular adaptation to hypoxia and altered embryo growth through temporal, spatial, and tissue-specific adaptive responses (3, 52) . HIF 1␣ is also required for normal cardiac morphogenesis (53) . Hypoxiaresponsive signaling also regulates programmed cell death and remodeling in the embryonic chick outflow tract (54) . We noted increased arterial resistance in hypoxic stage 21 embryos consistent with reduced vasculogenesis and a delay in the normal fall in vascular resistance associated with development. In the mid-and late-gestation chick embryo hypoxia triggers a proportional increase in HIF 1␣ and angiogenesis (55) . If hypoxia in the early chick embryo stimulates HIF 1␣ release, it would be reasonable to expect an altered vasculogenesis as noted later in development. However, if changes in vasculogenesis were not associated with increased branching or increase capillary networks then total vascular impedance might not decrease (4) . Further work is required to correlate vascular branching patterns with arterial impedance at these early stages of embryogenesis. Of course, other mediators of vasculogenesis (nuclear factor of activated T cells, vascular endothelial growth factor, etc.) may also be targets regulated by oxygen tension during development (52) .
Our data are consistent with studies throughout embryogenesis that confirm chronic hypoxia impairs CV function, embryo growth, and embryo survival, producing "altered developmental trajectories" (49, 55) . Our data demonstrate that the functional 
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EMBRYO HYPOXIA, GROWTH, AND CV FUNCTION adaptation of both the embryonic ventricle and vascular bed are negatively impacted by hypoxia during the critical period of cardiac morphogenesis. Further experiments to quantitate morphologic changes in ventricular and vascular architecture as well as the identification of hypoxia-sensitive genes and proteins regulated by the HIF 1␣ pathway are clearly needed. Finally, experiments with initial hypoxic incubation followed by the normoxia for the remainder of incubation will allow us to determine whether hypoxia induced "altered trajectories" are reversible or irreversible. These data in avian embryos will provide insight into early embryonic hypoxic adaptation in higher vertebrates, including humans.
